The central and northern Chilean coasts are part of the Humboldt Current System, which sustains one of the largest fisheries in the world due to upwelling. There are several upwelling focal points along the Chilean coast; however, from a physical standpoint, the region between 39 • and 41 • S has not been studied in detail despite being one of the most productive zones for pelagic extraction in Chile. Here, we evaluated the seasonal variability of coastal upwelling off central-southern Chile using principally daily sea surface temperature (SST) and sea surface wind (SSW), and 8-day composite chlorophyll-a concentration between 2003 and 2017. Through the seasonal evaluation of the net surface heat flux and its relationship with the SST as well as daily SST variability, we determined the "maximum upwelling" on our area. The direction of surface winds is controlled throughout the year by the Southeast Pacific Subtropical Anticyclone, which produces a cold tongue and an upwelling shadow north of Punta Galera (40 • S) in austral spring and summer. A cross-correlation analysis showed a decrease of SST follow the alongshore SSW with a lag of 2 days in the months favorable to the upwelling. However, the correlations were not as high as what would be expected, indicating that there is a large advection of waters from the south that could be related to the greater volume of subantarctic water present in the zone.
Introduction
The world's most productive coastal biological zones and fisheries are found in the great upwelling systems of the California, Canary, Benguela, and Humboldt [1, 2] . The Humboldt Current System (HCS), also known as the Chile-Peru Current, is located on the eastern border of the Southeast Pacific Subtropical Anticyclone (SPSA), and is bordered in the north by the Equatorial Current System and in the south by the South Pacific Current commonly known as the West Wind Drift [3, 4] . This system supports Chile's principal fisheries according to 2014 Food and Agriculture Organization's statistics, including sardine and anchovy [5] . The HCS is driven principally by the SPSA, which controls winds along the coast [6, 7] . During austral fall and winter, SPSA is located at low latitudes, with its center near 27-29 • S, which makes the winds favorable for upwelling only in Chile's northern region (18-28 • S). In austral spring and summer, SPSA is located at middle latitudes, with its center near 30-33 • S, which creates winds favorable for upwelling from the north to central-southern Chile (28-41 • S) [8, 9] . This generates transport of cold, oxygen-poor, high-nutrient water to the sea surface over the continental shelf [10] .
Upwelling has been observed to be more intense in points and capes [10] and particularly strong in zones with wide and shallow continental shelves [1] . In Chile, several upwelling centers have been identified, of which some of the most significant are the Península de Mejillones (23°S), Punta Lengua de Vaca (30°S) [11] , Punta Curaumilla (33°S), Punta Topocalma (34°10'S), Punta Nugurne (35°57'S), Punta Lavapié (37°15'S), and Punta Galera (40°S) [12] . The continental shelf has a width that varies from 20 km in the north to 60 km in the central-southern zone (39-40°S) considering the 200 m isobath [13] . Although Punta Galera (Figure 1 ) has been cited as being an important Chilean upwelling zone, its synoptic and seasonal variability has not been studied in detail. Projections for the year 2100 in Chile under a moderately intense global change scenario show that the SPSA will move south, extending the duration of southerly winds along subtropical coasts [14] . Near 40°S, winds favorable for upwelling would stay for around two months more than they currently do [14] , which would make this region one of Chile's most important fisheries in the future, especially for the common sardine and anchovy [15] .
The present study investigated seasonal variability of upwelling off central-southern Chile using sea surface temperature (SST), surface chlorophyll-a concentration (Chl-a), and sea surface wind (SSW) measurements obtained from different satellite sensors between 2003 and 2017. Punta Galera was found as an important upwelling site during spring and summer. During these seasons, the alongshore SSW causes a cold tongue and an upwelling shadow. This study improves understanding of coastal dynamics due to upwelling and serves as a base to establish possible changes due to different global warming scenarios. The present study investigated seasonal variability of upwelling off central-southern Chile using sea surface temperature (SST), surface chlorophyll-a concentration (Chl-a), and sea surface wind (SSW) measurements obtained from different satellite sensors between 2003 and 2017. Punta Galera was found as an important upwelling site during spring and summer. During these seasons, the alongshore SSW causes a cold tongue and an upwelling shadow. This study improves understanding of coastal dynamics due to upwelling and serves as a base to establish possible changes due to different global warming scenarios. 
Materials and Methods

Satellite Data: Sea Surface Temperature, Chlorophyll-a Concentration, and Sea Surface Winds
Daily SST was obtained from the web page https://coastwatch.pfeg.noaa.gov/erddap/griddap/ jplMURSST41.html between 2003 and 2017 (15 years). These data come from MODIS and AMSR-E sensors aboard satellites Aqua and Terra, AVHRR-3 sensor aboard satellite NOAA-18, and WindSat sensor aboard the Coriolis satellite. SST data derived from a Multi-sensor Ultra-high Resolution (MUR) analysis was used. This product was obtained from 8 satellites objectively interpolate to level 4 (L4), with a 1 km spatial resolution [16] . MUR uses Multi-Resolution Variation Analysis (MRVA) to obtain an L4 product, which is based on a decomposition wavelet. The advantage of this product is that it combines all these satellites which have sensors of different characteristics. On the one hand, infrared sensors have an excellent spatial resolution of around 1 km and 4 to 8.8 km (AVHRR) and microwave sensors have a resolution of 25 km. The infrared sensors can offer a very high spatial resolution and the microwave sensors are less prone to be contaminated by cloudiness. In addition, the MRVA method uses different synoptic time scales that allow for the reconstruction of mesoscale features (e.g., the upwelling) and its "mesh-less" interpolation procedure prevents truncation of the geolocation data during gridding and binning of satellite samples. Therefore, the combination of several types of sensors and the interpolation method used allow us to obtain daily good quality images without major cloudiness contamination problems. More information regarding how to produce L4, procedures, quality control, and a description of the MRVA algorithm can be found at References [16, 17] . These data have been successfully used to locate and track frontal structures, thus helping to better identify the scale of upwelling along the Peruvian coast [18] and central Chile [19, 20] . Data of surface Chl-a (mg m −3 ) were obtained by satellite data derived from MODIS Aqua level 3 which are freely available on NASA's website (https://oceancolor.gsfc.nasa.gov/cgi/l3) at a spatial resolution of 4 km and daily and 8-day composites for the same time period of SST. In most analyzes, we prefer to use 8-day composites instead of daily because in our study area there is a lot of contamination by clouds, especially in winter [12] . Chl-a were estimated using the OCI algorithm [21] .
Magnitude and direction of daily SSW correspond to products developed by the French Research Institute for Exploitation of the Sea. These products were interpolated using the objective method and based on data from scatterometers aboard satellite QuikSCAT (SeaWind sensor) [22] and MetOP (ASCAT sensor) [23] , both at a spatial resolution of 25 km. QuikSCAT data from January 2003 and October 2009 (the latter date is approximately when it stopped working) and by ASCAT between May 2007 (when it began operations) and December 2017. The information presented here is from products derived from ASCAT satellite and data obtained before October 2009 using linear regression between the two databases in which the independent variables were products derived from QuikSCAT. A fusion of the SSW components with monthly data using linear regression was used throughout the north-central Chilean coast with very high correlations, especially for the meridional component [7] .
Methodology
To understand seasonality of SST, Chl-a, and SSW, monthly averages were obtained for the study period and later averaged for austral summer (January-March), autumn (April-June), winter (July-September), and spring (October-December). Each SSW field component was averaged in the study area and separated by season to establish the frequency of its magnitude and direction.
To evaluate upwelling, we conducted a preliminary analysis of the net surface heat flux (Q net ) and SST. Thus, when we analyzed seasonally the Q net , we observed the highest values towards the coast (higher than 120 W m −2 ), during the austral spring-summer seasons (Figure 2a ). A similar pattern was observed for Q net for autumn-winter seasons but with values decreased by approximately 110 W m −2 (Figure 2b ). According to this analysis, we should expect higher (lower) temperatures during spring-summer (autumn-winter) seasons, especially towards the coast. However, lower SST values were observed towards the coast during spring-summer seasons (Figure 2c ). This would indicate that during spring-summer seasons there is an advective process that is cooling near the coast and that would be mainly due to the effect of upwelling. These characteristics must be observed when analyzing the spatial standard deviation of all the SST images ( Figure 3 ). Thus, offshore we obtained the largest standard deviations congruent with the seasonal pattern of the Q net . On the other hand, near the coast, we observed the smallest standard deviations owing to the seasonal pattern of the Q net and the effect of the upwelling that diminishes the temperatures during spring-summer seasons (Figure 2c ). 2c). This would indicate that during spring-summer seasons there is an advective process that is cooling near the coast and that would be mainly due to the effect of upwelling. These characteristics must be observed when analyzing the spatial standard deviation of all the SST images ( Figure 3 ). Thus, offshore we obtained the largest standard deviations congruent with the seasonal pattern of the Qnet. On the other hand, near the coast, we observed the smallest standard deviations owing to the seasonal pattern of the Qnet and the effect of the upwelling that diminishes the temperatures during spring-summer seasons (Figure 2c ). 2c). This would indicate that during spring-summer seasons there is an advective process that is cooling near the coast and that would be mainly due to the effect of upwelling. These characteristics must be observed when analyzing the spatial standard deviation of all the SST images ( Figure 3 ). Thus, offshore we obtained the largest standard deviations congruent with the seasonal pattern of the Qnet. On the other hand, near the coast, we observed the smallest standard deviations owing to the seasonal pattern of the Qnet and the effect of the upwelling that diminishes the temperatures during spring-summer seasons (Figure 2c ). In order to evaluate the upwelling, we analyzed the response of the SST to the wind. To do this, we chose the area where the standard deviations of the SST were the smallest which should be the area of "maximum upwelling" (Figure 3 , rectangle 1) and the area closest to Punta Galera (Figure 3 , rectangle 2). In the first zone, we calculated the minimum daily SST which was then averaged (714 pixels) and in the second zone we computed the mean daily alongshore SSW which was later averaged (9 pixels). In this way, we obtained two-time series, one of SST and the other of the alongshore SSW. Then, we calculated the long-term monthly averages of the SST and the alongshore SSW. Then, based on the long-term monthly averages, we calculated the daily SST anomalies and daily alongshore SSW anomalies. Finally, a cross-correlation between the anomalies of both variables, considering a maximum lag of 10 days for each season and year, was computed. Therefore, we obtained a total of 60 correlations (15 correlations for each season).
On the other hand, to analyze the primary productivity response, we performed an analysis similar to that indicated above. In the area of "maximum upwelling" (rectangle 1 in Figure 3 ), we calculated the maximum daily and 8-day composites Chl-a which were then averaged (65 pixels). Chl-a lost by the effects of clouds were filled with linear interpolation (30.7% and 2.2% for daily and 8-day composites, respectively). As the time series did not have a normal distribution, we transformed it using the base 10 logarithm. Then, we calculated the long-term monthly averages of the daily and 8-day composite Chl-a and computed their respective anomalies. The previously obtained SST and alongshore SSW time series were averaged 8 days, and then calculated their long-term averages and their anomalies. Finally, a cross-correlation between the anomalies of Chl-a, SST, and alongshore SSW was computed.
Results
Seasonal Chlorophyll-a Concentration, Sea Surface Temperature, and Sea Surface Wind Cycle
Evolutions of 8-day composite Chl-a, daily SST, and daily alongshore SSW close to Punta Galera are presented in Figure 4 . In general, the Chl-a did not have a very clear seasonal signal, its values fluctuated mostly around 0.3 and 2 mg m −3 , and its peaks were more evident during spring and summer ( Figure 4a ). In contrast, the SST showed a clear seasonal pattern owing to the variation of solar radiation. The highest temperatures occurred during the summer where they reached between 17 and 18 • C while the lowest temperatures were in winter where they oscillated between 11 and 12 • C except for 2007 where it dropped to values lower than 10 • C (Figure 4b ). In addition, the SST presented many pulses of low temperatures during spring and summer most likely related to the coastal upwelling. Like the SST, alongshore SSW also exhibited a clear seasonal pattern, but with many pulses throughout the entire time series (Figure 5c ). The winds were favorable to the upwelling during spring and summer and their higher values fluctuated between 5 and 9 m s −1 while they were favorable to the downwelling during the winter where their higher intensities ranged between 5 and 6 m s −1 .
Seasonal Variability of Sea Surface Temperature and Sea Surface Wind Fields
SSW in central-southern Chile changes direction and intensity throughout the year ( Figure 5 ). In general, during austral summer, winds were parallel to the coast, coming from the southeast at 5 m s −1 and with lower SST on the continental shelf delimited with the black line ( Figure 5a ). During austral autumn, outside of the continental shelf, light winds came from the southeast to north of 40.5 • S and from the northeast to south of the position mentioned previously, at a velocity less than 5 m s −1 , while on the continental shelf velocities were between 2 and 0 m s −1 (Figure 5b ). The pattern of SST in austral autumn was similar to that observed in summer, but with lower temperatures. For austral winter, the pattern of wind magnitude and direction was similar to that of autumn ( Figure 5c ). However, SST decreased drastically on and off the continental shelf, averaging around 11 • C, thus coastal-oceanic gradients seen in austral summer and autumn nearly disappeared. In austral spring, wind magnitude and direction changed drastically, with a velocity of approximately 5 m s −1 , originating in the southeast 
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Seasonal Variability of Surface Chlorophyll-a Concentration Field
The long-term average Chl-a for austral summer had the highest values along the continental shelf (~10 mg m −3 ), north of 40 • S (Figure 8a) . During austral autumn, the regional average decreased drastically, but stayed at relatively high levels (about 3 mg m −3 ) over the continental shelf, north of 40 • S, and restricted towards shallower depths to the south (Figure 8b values near the coast and offshore was lower than in the other (Figure 8c ). In austral spring, once again, high values were observed along the continental shelf, like those shown in summer, especially north of Punta Galera (~10 mg m −3 ) (Figure 8d ). 
The long-term average Chl-a for austral summer had the highest values along the continental shelf (~10 mg m −3 ), north of 40°S (Figure 8a ). During austral autumn, the regional average decreased drastically, but stayed at relatively high levels (about 3 mg m −3 ) over the continental shelf, north of 40° S, and restricted towards shallower depths to the south (Figure 8b ). During austral winter, relatively high levels (about 3 mg m −3 ) spread over the entire continental shelf. The contrast between the higher values near the coast and offshore was lower than in the other (Figure 8c ). In austral spring, once again, high values were observed along the continental shelf, like those shown in summer, especially north of Punta Galera (~10 mg m −3 ) (Figure 8d ). 
The long-term average Chl-a for austral summer had the highest values along the continental shelf (~10 mg m −3 ), north of 40°S (Figure 8a) . During austral autumn, the regional average decreased drastically, but stayed at relatively high levels (about 3 mg m −3 ) over the continental shelf, north of 40° S, and restricted towards shallower depths to the south (Figure 8b) . During austral winter, relatively high levels (about 3 mg m −3 ) spread over the entire continental shelf. The contrast between the higher values near the coast and offshore was lower than in the other (Figure 8c ). In austral spring, once again, high values were observed along the continental shelf, like those shown in summer, especially north of Punta Galera (~10 mg m −3 ) (Figure 8d ). 
Surface Wind Forcing Effects on Sea Surface Temperature and Surface Chlorophyll-a Concentration
Where there is upwelling of cold waters due to Ekman transport produced by winds favorable, it is to be expected that these effects would not be immediate. Thus, the cross-correlation between the daily alongshore SSW anomalies and daily SST anomalies close to Punta Galera showed the highest correlation at a 3-day lag, although it was low (R = −0.20) (Figure 9a ). When the analysis was performed for each season, the correlations improved in the austral summer and spring, reaching −0.41 and −0.33, respectively, with an about 2-day lag (Table 1 ). However, in the austral autumn the correlations decreased (R = −0.20) with an around 4-day lag, and in the austral winter there was no correlation ( Table 1) .
was obtained from ETOPO2v2 [25] .
Where there is upwelling of cold waters due to Ekman transport produced by winds favorable, it is to be expected that these effects would not be immediate. Thus, the cross-correlation between the daily alongshore SSW anomalies and daily SST anomalies close to Punta Galera showed the highest correlation at a 3-day lag, although it was low (R = −0.20) (Figure 9a ). When the analysis was performed for each season, the correlations improved in the austral summer and spring, reaching −0.41 and −0.33, respectively, with an about 2-day lag (Table 1) . However, in the austral autumn the correlations decreased (R = −0.20) with an around 4-day lag, and in the austral winter there was no correlation (Table 1) .
When we performed a cross-correlation between 8-day composite Chl-a anomalies and the mean 8-day composite alongshore SSW anomalies, the correlation was low (R = 0.13) but significant with a 8-day lag. However, when 8-day composite Chl-a anomalies and 8-day composite SST anomalies, were cross-correlated the correlation improved to be −0.31, with a zero lag. To better explore the Chla delay time, we cross-correlated daily Chl-a anomalies and daily SST anomalies. The correlation was −0.27 at a 2-day lag (Figure 9b ). Figure 9 . Cross-correlation between daily SST anomalies and daily alongshore SSW anomalies (a) and daily SST anomalies and daily Chl-a anomalies (b). SST and Chl-a correspond to north of the Punta Galera (~39.25° S, Figure 3 , rectangle white 1) and alongshore SSW correspond to the area closest to Figure 9 . Cross-correlation between daily SST anomalies and daily alongshore SSW anomalies (a) and daily SST anomalies and daily Chl-a anomalies (b). SST and Chl-a correspond to north of the Punta Galera (~39.25 • S, Figure 3 , rectangle white 1) and alongshore SSW correspond to the area closest to Punta Galera (~40 • S, Figure 3 , rectangle white 2). The blue lines in (a,b) shows the upper and lower confidence bound (95% confidence level). Table 1 . Cross-correlation between daily SST anomalies north of the Punta Galera (~39.25 • S, Figure 3 , rectangle white 1) and alongshore SSW daily anomalies closest to Punta Galera (~40 • S, Figure 3 , rectangle white 2), per year and season. When we performed a cross-correlation between 8-day composite Chl-a anomalies and the mean 8-day composite alongshore SSW anomalies, the correlation was low (R = 0.13) but significant with a 8-day lag. However, when 8-day composite Chl-a anomalies and 8-day composite SST anomalies, were cross-correlated the correlation improved to be −0.31, with a zero lag. To better explore the Chl-a delay time, we cross-correlated daily Chl-a anomalies and daily SST anomalies. The correlation was −0.27 at a 2-day lag (Figure 9b ).
Discussion
We evaluated the upwelling at Punta Galera conducting a preliminary analysis of net surface heat flux and its relationship with SST as well as its daily variability throughout every year. This analysis helped us to determine the region of "maximum upwelling" associated with minimum SST during spring and summer. This region was located north of Punta Galera on the continental shelf, which agrees well with Figure 1b The Chl-a in Punta Galera showed a seasonality during the year with higher concentrations at the beginning and end of each year (Figure 4a ), like what occurs in the south and north of Chile with similar concentrations (e.g., [4, 26] ). The seasonality of the SST in Punta Galera is congruent with the annual variability of the net heat flux (Figure 2a,b ). However, also there are advective processes (e.g., upwelling) that are less important than the sum of the terms that form the net heat flux as has been shown by Garcés-Vargas and Abarca-del-Río [27] . While interannual variability was not analyzed in this paper, the observed drop in SST during the second half of 2007 is associated with a strong La Niña (according to Oceanic Niño Index (https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ ensostuff/ONI_v5.php) similar decrease has also been observed in the temperature anomalies in the water column of a coastal station located further north (Concepción, 37 • S) [28] and SST between 35 • S and 38 • S [29] .
Seasonal Variability of Chlorophyll-a Concentration, Sea Surface Temperature, and Sea Surface Wind Fields
The highest values of Chl-a were found along the coast (Figure 8 ) with large fluctuations as shown near Punta Galera (Figure 4a ) but with its highest concentrations in spring and summer and restricted to the continental shelf similar to that shown by Kämpf and Chapman [30] , which is wider towards the north of Punta Galera than towards the south. The formation of a cold tongue that begins at this geographical point and is most evident during austral spring when the winds blow more alongshore and extend the upwelling area offshore to the continental shelf. This is very similar to what happens in the principal upwelling zones of Chile [2, 12, 29] . This cold tongue forms a thermal front around it and a small upwelling shadow that is very coastal and extends from the north of Punta Galera to approximately 39 • S and is most clearly seen during austral spring (Figure 1b) , similar to what occurs for example further north in Punta Lavapié (37 • S) [31] , Punta Lengua de Vaca [20] and Península Mejillones (23 • 42 S, Antofagasta Bay) [32] . However, in the Península Mejillones, this shadow is permanent because the wind is always favorable for upwelling, which does not occur in our study area.
Effects of Sea Surface Wind Forcing on Sea Surface Temperature and Chlorophyll-a Concentration
The cross-correlation analysis between upwelling-favorable wind and SST also reaffirms the coupling between the two variables. For the entire period, there was a 3-day lag; however, the highest negative correlations were found in austral spring and summer with a 2-day lag ( Table 1 , summer and spring), while the lowest negative correlations were in austral autumn and winter with 4-and 3-day lags for autumn and winter, respectively (Table 1 ). In Antofagasta Bay (23 • 42'S), winds favorable to upwelling are permanent during the year, with a greater correlation in austral summer between the alongshore SSW and the reduction in SST with a 1-day lag [32] . Similarly, in Chile's central region (32-36 • S) where Punta Curaumilla (33 • S) and Punta Topocalma (34 • 07'S) stand out, there is a delay of 3 days between both variables [10] . In addition, our results showed an inverse relationship between daily Chl-a anomalies and daily SST anomalies with a 2-day lag. This would indicate that decreasing (increasing) SST increases (decreases) the primary productivity within a reasonably short range.
The correlations between SST and the alongshore SSW were not as high as what would be expected indicating that other advective processes (e.g., horizontal advection) and atmospheric processes could explain the changes. In general, turbulent terms (latent and sensible heat flux, proportional to wind magnitude) should not change drastically between the coast and ocean because wind magnitude is similar ( Figure 5 ) [33] . With respect to radiative terms, shortwave and longwave radiation also should not vary much because the former depends on cloud coverage (at the same latitude), which is similar in the region, and the latter is relatively constant [27] . It is probable that there is a large advection of waters from the south on the continental shelf that could be related to the greater volume of subantarctic water present in the zone [34] .
The influence of the wind over the SST is in clear concordance with the movement of the SPSA. Thus, during austral summer and spring, the greater correlations between wind and temperature are due to a higher percentage of winds coming more from the south (Figure 6a,d) , when the SPSA is more southern, intense, and farther from the continent [7] . On the other hand, during austral autumn and winter, the direction of the winds is not well marked (Figure 6b ,c) and therefore the negative correlations were relatively low when SPSA is further north, weak, and close to the continent [7] .
Potential Implications of Upwelling in Punta Galera due to Climate Change
Some authors mention that under the present climate change scenario with sustained increase in temperatures, the SPSA center would migrate further south in austral summer from 35 • S (current situation) to 40 • S (end of the 21 st century) [14] . The displacement of SPSA towards the south has been observed in the last few decades [7, 28] , which would be currently causing a greater persistence of winds favorable to upwelling. If these projections are fulfilled, it could be expected that in Punta Galera the upwelling period will increase with the consequent decrease in SST and the stratification of the water column, which would contrast with the average situation globally.
Conclusions
The evaluation of the net surface heat and daily SST variability allowed us to find the "maximum upwelling" off central-southern Chile (39 • S-41 • S) showing that it is located north of Punta Galera over the continental shelf.
The direction of SSWs in the central-southern region of Chile is controlled during the year by the SPSA. During austral spring and summer, they migrate towards the south, causing alongshore SSW to promote upwelling (cold waters), high Chl-a and forming a coastal upwelling shadow (warmer waters) in the region.
The correlation analysis between the alongshore SSW and SST reaffirmed that Punta Galera is an important upwelling center off central-southern Chile, with a 2-day lag for the maximum negative correlation during austral spring and summer.
The need to measure currents in order to determine the horizontal advective terms and then improve the upwelling assessment through the SST as well as exploring its interannual variability is a major challenge for future research.
